Introduction
Titanium and its alloys are used for dental implants because of their low toxicity, low corrosion rate, favourable mechanical properties and excellent biocompatibility (1) . However, bone loss often occurs in the alveolar crest surrounding the dental implants, and a stable biochemical connection between the neck part of the implant and gingival tissue is difficult to achieve. These findings can be attributed to the lack of natural biological width and functionally oriented fibre (2) (3) (4) .
The formation of a firm soft tissue barrier around the dental implant neck is considered important to prevent bacterial invasion (5) . To control plaque formation around the neck, most current designs for this region are mechanically machined to achieve a smooth surface, which facilitates the proliferation of epithelial cells. However, unlike the orientation perpendicular to the natural teeth surface, the orientation of the collagen fibres in the connective tissue was found to be parallel to the implant surface (6, 7) , which may cause epithelial down growth after the implants have been inserted (8) .
To resolve these issues, an on-going goal in bioengineering is to modify titanium implant surfaces and establish the bionic attachment of peri-implant soft tissues in the neck region. A coating for the neck that can help reduce plaque accumulation and form a good seal would be desirable (9, 10) . Several studies have revealed that the micro-roughening of surfaces not only inhibits the formation of plaque but also facilitates the growth of epithelial cells and fibroblasts (11) . The anchor-shaped structure formed by cellular processes and that extends into the pores on the material effectively inhibits the migration of the junctional epithelium to the root square (12, 13) .
To obtain this type of micro-roughened surface, several techniques, such as anodic oxidation, plasma spraying, ion planting, sol-gel, sputtering and chemical vapour deposition (14, 15) , have been used to produce oxide films on titanium and its alloys. Among these methods, anodic oxidation treatment, which can be readily applied to implants with irregular and complex surface geometries (16) , has become more attractive in recent years. Moreover, a porous TiO 2 layer can be obtained at low temperatures, and the morphology and crystallinity of the oxides can be well controlled by changing the voltage, current density and electrolyte (17) (18) (19) .
In this study, anodic oxidation was adopted to form a porous film with different pore sizes on titanium surfaces. The aim of this study was to create a desirable interface that not only enhances the connection between the host and implant but also inhibits microbial adhesion.
Materials and Methods

Sample preparation
Commercially pure titanium of ASTM grade 2 (99.9% Ti, Northwest Institute for Nonferrous Metal Research, Shanghai, China) was cut into 10-mm diameter sheets with a thickness of 1 mm. The sheets were carefully ground with Nos. 400, 600, 800, 1000, and 1200 SiC paper and were subsequently cleaned ultrasonically with pure acetone, ethanol and distilled water for 5 min.
The titanium sheets were divided into four groups: a control group, which consisted of the sheets processed using only the previously described steps, and three test groups classified according to the anodising voltage (Group 150 V, Group 180 V or Group 200 V). Anodic oxidation was performed at room temperature with a direct-current supply system (QUERLI DC power supply WYJ-500 V 1 A, China). A titanium sheet was used as the anode, and a titanium plate (20 mm × 20 mm × 1 mm) served as the cathode. A sodium acetate solution (1 mol/L) was used as the electrolyte, and three final voltages (150 V, 180 V and 200 V) were adopted to form a porous film on the titanium surface. The current density was 50 mA/cm 2 , and the time at the final voltage was 2 min.
Surface characterisation
The surface microstructure, elemental composition and crystal structure of the titanium oxide films were observed using scanning electron microscopy (SEM, Hitachi, S-4800, Tokyo, Japan), energy dispersive X-ray spectroscopy (EDS, Hitachi, S-4800, Tokyo, Japan) and X-ray diffraction (XRD, X'Pert, PANalytical B.V., Almelo, Netherlands).
Protein adsorption ability
A bicinchoninic acid (BCA) protein assay (20) was adopted to measure the concentration of the proteins. Samples were placed in a 16-well cell culture plate. Approximately 1 mL of standard bovine serum albumin (BSA, 2 mg/mL) was added into each well, and the plate was placed on a thermostatic horizontal shaker for 2 h (50 rpm, 20°C). According to the Lambert-Beer law, the absorbance of a solution can be evaluated by its concentration at a given wavelength of light (21) . Therefore, the optical density (OD) of the supernatant was measured at 562 nm using a spectrophotometer (TECAN SpectrofluorPlus); the concentration of the corresponding BSA solution was subsequently calculated, and the protein adsorption quantity of different surfaces was obtained.
Antibacterial activity
A modified antibacterial drop-test (22) was used to study the antibacterial activity of the samples. As the predominant bacterial flora in healthy peri-implant sulci, Streptococcus mutans (23) (S. mutans, ATCC 25175, provided by the State Key Laboratory of Oral Diseases, West China Hospital of Stomatology, Sichuan University) were chose and cultivated in brain-heart infusion (BHI) broth and anaerobically cultured (37°C, 80% N 2 , 10% CO 2 , 10% H 2 ) for 24 h. The bacteriacontaining broth was centrifuged at 2,700 rpm for 10 min. The supernatant was discarded, and the bacteria were washed three times with phosphate-buffered saline (PBS). The bacteria were then resuspended in PBS at a concentration of 1 × 10 6 cfu/mL. All glassware and disk samples were sterilised with ultraviolet irradiation for 1 h beforehand. The bacterial suspension (1 mL) was added dropwise using a dispenser onto the surface of each sample in a 16-well plate, followed by incubation at 37°C for 24 h without stirring. After this period, the samples were washed three times with PBS and then resuspended in 4 mL PBS using ultrasonic vibration for 5 min at room temperature. The bacterial suspension was diluted 10,000-fold, and a 30-μL bacterial suspension of each sample was dropped onto the BHI solid medium to obtain a colony count after 48 h of incubation.
L929 fibroblast adhesion
L929 mouse fibroblasts (provided by the State Key Laboratory of Oral Diseases, West China Hospital of Stomatology, Sichuan University) were cultivated in Dulbecco's Modified Eagle Medium (DMEM) containing 10% foetal bovine serum (FBS) and 1% penicillin/streptomycin. An L929 fibroblast monolayer was formed, which was passaged upon confluence using trypsin (0.5% w/v in PBS). The cells were subsequently harvested from the culture by immersion in The surface processed by anodic oxidation at 150 V ( Figure 1B ) no longer showed visible scratches, and the surface consisted of randomly scattered pits and holes; diameters were approximately 100 nm to 3 μm. The surface subjected to an applied voltage of 180 V ( Figure 1C ) became uniform and was overlaid with densely distributed pores with sizes that ranged from 2 μm to 7 μm.The size of the pores did not change when the applied voltage was increased to 200 V ( Figure  1D ). Several larger-sized pores appeared, most likely because of the interconnection of some pores with each other (24) . EDS analysis showed no contamination on any of the groups of disks (Figure 2) . Figure 3 shows the XRD patterns of the control group and the test groups. For the control group, only the peaks of titanium were observed. The XRD pattern of the surface treated with an applied voltage of 150 V indicated the presence of anatase phase, and the intensity of the anatase phase continued to increase until 180 V. The peaks of the rutile phase appeared in the pattern of the sample treated at 180 V, and the intensity of the corresponding peaks continued to increase as the anodisation voltage was increased from 180 V to 200 V, whereas the intensity of the peaks from the anatase phase and the titanium substrate decreased.
Starting with the growth of the amorphous TiO 2 (25) , the formation of the anodic titanium oxides is trypsin solution for 5 min. The cells were centrifuged, and the supernatant was discarded. DMEM (3 mL) supplemented with serum was added to neutralise any residual trypsin, and then the cells were resuspended in serum-supplemented DMEM at a concentration of 1 × 10 4 /mL. Afterward, the cells were cultivated in 5% CO 2 at 37°C.
The L929 cells were seeded onto different disk surfaces, and after a 24 h incubation, the sample surfaces were washed with PBS solution to remove loosely adsorbed cells. Cell fixation was performed with 4% glutaraldehyde in PBS for 4 h at 4°C, followed by dehydration with 25%, 50%, 70% and 95% (v/v) ethanol solutions for 15 min and final dehydration in absolute ethanol twice. The surfaces with immobilised cells were dried in supercritical carbon dioxide and were subsequently observed by SEM.
Statistical analysis
Statistical calculations were performed using the SPSS 17.0 software package. The differences were considered significant if the probability value was less than 5% (p < 0.05). SKEW and KURT tests were initially used to test the data for normality. A Levene test was conducted to examine the homogeneity of variance for multiple samples. Normally distributed data were expressed as the mean and standard deviation. For three-group comparisons, one-way ANOVA and Dunnett's t-test were used. Figure 1 illustrates the surface SEM micrographs of the control samples and the samples anodised in 1M CH 3 COONa for 2 min at different voltages. The surface of the control group showed scratches and grooves formed during mechanical grounding ( Figure 1A) . a process of competition between the deposition of the titanium oxides layer and the dissolution of that layer by the electrolyte (26) . As the applied voltage is increased, the anodic oxidised film breaks down locally and porous regions become obvious because of the dielectric breakdown (27) . According to our previous study (25) , when the substrates were anodised in CH 3 COONa electrolyte, spark discharges were observed on their surfaces beginning at ~135V; these discharges became more intense at higher anodising voltages. This behaviour accounts for the porous surface at 150 V observed by SEM. Meanwhile, spark discharges led to instantaneous, local high temperatures and pressures (28) , so the initially produced amorphous titania was converted into the crystalline phases (29) . The anatase structure was formed at the beginning and then transformed into the rutile phase with increasing voltage, which was consistent with the XRD results.
Results and Discussion
Surface characterisation
Among the three phases of titanium dioxide, rutile is known to be the most dense and stable phase and to exhibit the highest resistance to dissolution (26) . As shown by the SEM results, the pore size and the porosity increased when the applied voltage was varied from 150 V to 180 V due to the growing fieldassisted and chemical dissolution (16) . However, as additional rutile formed during the crystallographic transformation, the dissolution resistance continued to increase, which led to similar pore sizes and porosities of the samples treated at 180 V and 200 V. Figure 4 shows that the control sample exhibited presented the poorest adsorbing ability for proteins and that the protein adsorption ability increased as the applied voltage was increased from 150 V to 180 V. As the applied voltages increase, the thickness, surface roughness and porosity of the anodised TiO 2 layer increase (27) , which, in turn, increase the biocompatibility and improve the protein adsorption ability (26) . In addition, compared with rutile and amorphous titanium, anatase exhibits better bioactivity (30, 31) . Therefore, due to the decrease in the amount of anatase on the surface anodised at 200 V, the protein adsorption ability did not obviously change between Group 180 V and Group 200 V.
Protein adsorption ability
Antibacterial activity
The S. mutans colonies found on the culture were counted, and no significant difference in bacterial adherence was observed between the control group and Group 200 V or between Group 150 V and Group 180 V. The quantities of bacterial colonies observed in the control group and Group 200 V were much greater than those observed in Group 150 V and Group 180 V ( Figure 5 ).
In the case of an applied voltage of 150 V, the increased antibacterial activity was attributed to the increase in the high photocatalytic crystalline phase of anatase (22, 32) . Although the amount of anatase structure continued to increase in samples treated up to 180 V, the appearance of the rutile phase, which decreases the photocatalytic activity of the TiO 2 film (22) , made the antibacterial activity of the sample treated at 180 V almost the same as that treated at 150 V. In the case of the sample treated at an applied voltage of 200 V, in which the amounts of rutile and anatase increased and decreased, respectively, the antibacterial activity decreased sharply.
L929 growth
L929 fibroblasts were seeded onto the sample surface. After 24 h (26), some of the L929 fibroblasts started to develop pseudopods, and some fibroblasts spread out on the TiO 2 films, appearing in fusiform, polygonal and triangular shapes ( Figure 6 ). As shown in the inset of Figure 6C , a single cell could be clearly observed to spread out its body and interlock to the porous surface with filopodia, whereas the cellular form and linkage were obscure in the control group. Furthermore, the cell concentration on the uncoated titanium surface was obviously lower than on the other surfaces, and the cell concentrations on the titanium surfaces anodised at 180 V and 200 V stood out, which can be attributed to the enhanced biological performance of the anodised TiO 2 surfaces (33).
It's widely accepted that application of the porous surface can greatly improve the outcome of cell seeding (34) , just in accordance with the significant higher cell concentration on the titanium surfaces of the test groups. Squier et al. (8) , on the basis of an in vitro study, suggested that 3 μm is the minimum pore size that permits penetration of the connective tissue, thus, the collagen fibres are oriented perpendicularly to the implant surface and epithelial downgrowth is markedly restricted when the pore sizes are larger than 3 μm. Therefore, we determined that a greater cell concentration results in a fully spread-out morphology and that the obvious anchorage on the titanium surfaces anodised at 180 V or 200 V may be the result of the adequate pore sizes formed at these voltages. In addition, as the protein adsorption ability of the materials acts as the base to support cell adhesion and proliferation (26) , the bacterial adhesion performances were consistent with the protein adsorption results.
Conclusion
The porous TiO 2 films formed through anodisation at 180 V promote the adsorption of proteins, inhibit bacterial adhesion and enhance fibroblast growth, which indicates that anodisation positively affects biological seal formation in the neck region. 
